A 48 m cutoff wavelength ( c ) Si far-infrared ͑FIR͒ detector is demonstrated. Internal photoemission over a Si interfacial work-function of a homojunction consisting of molecular beam epitaxy grown multilayers (p ϩ emitter layers and intrinsic layers͒ is employed. The detector shows high responsivity over a wide wavelength range with a peak responsivity of 12.3Ϯ0.1 A/W at 27.5 m and detectivity D* of 6.6ϫ10 10 cmͱHz/W. Since almost all the circuit components are fabricated using mainstream Si technology, incorporating different components in a single chip to fabricate an integrated circuit ͑IC͒ is a major advantage of using Si. In addition, high uniformity and advances in monolithic integration technology of Si can play an important role in developing focal plane arrays. However, at present, no Si FIR detectors exist that can operate effectively beyond 40 m at low background. 4 Recently, an analytical model was presented 5 for Si homojunction interfacial work-function internal photoemission ͑HIWIP͒ FIR detector, which shows high performance and tailorable cutoff wavelength c . The main significance of this detector concept is in establishing a technology base for the evolution of high performance, large area, uniform detector arrays using the well established Si growth and processing technology.
High performance far-infrared ͑40-200 m͒ semiconductor detectors as well as large focal plane arrays are required for space astronomy applications, such as NASA's Space Infrared Telescope Facility ͑SIRTF͒ program.
1 Present far-infrared ͑FIR͒ detectors used or under development for that wavelength range are extrinsic Ge photoconductors ͑un-stressed or stressed͒ 2 and Ge block-impurity-band ͑BIB͒ detectors, 3 nevertheless, there are many technological challenges for fabricating large format arrays in germanium. 2 Since almost all the circuit components are fabricated using mainstream Si technology, incorporating different components in a single chip to fabricate an integrated circuit ͑IC͒ is a major advantage of using Si. In addition, high uniformity and advances in monolithic integration technology of Si can play an important role in developing focal plane arrays. However, at present, no Si FIR detectors exist that can operate effectively beyond 40 m at low background. 4 Recently, an analytical model was presented 5 for Si homojunction interfacial work-function internal photoemission ͑HIWIP͒ FIR detector, which shows high performance and tailorable cutoff wavelength c . The main significance of this detector concept is in establishing a technology base for the evolution of high performance, large area, uniform detector arrays using the well established Si growth and processing technology.
The basic structure of HIWIP detectors consists of a heavily doped emitter layer and an intrinsic layer across which most of the external bias is dropped. The detection mechanism involves infrared absorption in the emitter layer followed by the internal photoemission of photoexcited carriers across the junction barrier and then collection. c (m͒ is defined as 1.24/⌬ ͑eV͒, where ⌬ is the work function. 6 Depending on whether the doping concentration is below or above the metal-insulator transition ͑Mott transition͒ value, the work function is the energy gap between the impurity band and the conduction ͑valence͒ band or interfacial barrier between the intrinsic layer and the Fermi level in the emitter layer as defined before 5 5 to ensure an ohmic contact. Thickness and the concentration control of MBE growth is confirmed by the spreading resistance measurements. The contact was formed by deposition of Al and the optical window area (A 0 ) is 260ϫ260 m 2 . The p-Si HIWIP FIR detector was characterized by current-voltage (I -V) measurements and photoresponse. The responsivity was obtained using a Perkin-Elmer, system 2000, Fourier transform infrared spectrometer ͑FTIR͒ and a Si composite bolometer as the reference. Figure 2 shows the spectral response at 4.2 K measured at different forward biases for the 10-layer p-Si HIWIP sample. A wide spectrum with high responsivity is obtained. The long tailing behavior in the long wavelength reflects the nature of internal photoemission. The responsivity has a strong bias dependence, increasing significantly with increasing bias. However, the bias cannot increase indefinitely as the dark current also increases with bias. The spectral response at reverse biases is similar to that at forward biases.
It is noted that several spikes ͑associated with excited impurity states͒ appear in the spectra under high biases, which becomes stronger with increasing bias. At low biases, the photoconductivity is due to the usual photon capture by the impurity states, where c of the response is determined by the energy gap ⌬. At high biases, under suitable doping concentration where the wave function of excited impurity states overlaps, the onset of hopping conduction is observed due to the charge transport ͑by charge hopping͒ among ionized dopant sites. The recombination process mainly displays the capture of carriers by excited impurity states back to ground states, resulting in the longer c s. The spike response positions are in good agreement with the theoretical energies of transitions from the ground states to the first ͑2 P 0 ), second ͑3 P 0 ) and third ͑4 P 0 ) excited states ͑marked by arrows in Fig. 2͒ . 7 The c is 48 m at low biases, increasing to around 91 m at a bias of 0.791 V. The level where the signal reaches the noise level ͑standard deviation of the curve͒ of the spectrum is determined as c . 8 The highest responsivity obtained here is 12.3Ϯ0.1 A/W at 27.5 m ͑in the flat region͒, and 20.8Ϯ0.1 A/W at 31.4 m ͑in the spike region͒. Hopping conduction can be clearly seen in the I -V data in the inset of Fig. 2 , where the dark current increases rapidly with bias above 0.75 V. Since this is independent of photon flux and can reduce the sensitivity of the detector, the discussion is limited to the results of the flat region of the response and low bias case.
The current responsivity is given by

Rϭqg/h, ͑1͒
where is the quantum efficiency and g is the photoconductive gain. The effective quantum efficiency is a product of collection efficiency ( c , coming from absorption and diffusion of carriers͒ of holes flowing into i region and barrier tunneling probability ( b ):
͑2͒
The collection efficiency can be estimated by taking into account the absorption in emitter layers and the transport probability determined by the diffusion length. By assuming a constant absorption coefficient ␣ and a constant diffusion length L d ͑typically 1000-2000 Å͒ for an emitter layer of thickness d with 2(Nϩ1͒ optical passes due to N-layer structures, c can be written as:
while the tunneling probability is given by assuming a triangular barrier:
ͬ,
͑4͒
where m h * is the tunneling hole effective mass, ⌬E v is the offset of the valence band edge of the p ϩ -i interface, and F is the electric field across the intrinsic region. The peak absorption coefficient can be obtained by ␣ϭN a • p , where p is the peak photoionization cross section given by Figure 3 shows the bias dependent peak quantum efficiency and gain product g ͑asterisks͒ at 27.5 m. The maximum g of the present detector is 0.56. It can be seen that the above model agrees well with the experimental results with the following fitting parameters: ⌬E v ϭ 2.55 meV and g ϭ 10.8. Boron is a substitutional acceptor in silicon with an energy level (E A ) of 44.4 meV 6 at low concentrations. However, at higher doping concentrations, c of the detector can be controlled by the doping concentration, since the impurity band broadens with increasing the doping concentration and its peak density of state moves towards the valence band rapidly. 10 The dependence of ⌬ on the concentration can be estimated by the tight binding ͑TB͒ approach when the concentration is below Mott transition value, as in the case here, by ⌬ ϭ E A ϪBW, where BW is the band width. 5 The valence band shift due to band gap renormalization ͑less than 1.0 meV͒ can be neglected at Tϭ4.2 K. Above the Mott transition, ⌬ can be estimated by a modified high density ͑HD͒ theory. 9, 10 The TB model, with the assumption of a random spatial ͑Poisson's͒ distribution of acceptors, gives the total impurity bandwidth
where N a is the doping concentration, R is the nearestneighbor acceptor distance, and J(R) is the energy transfer integral given by Fig. 2 and the inset of Fig. 3 ͑25.8 meV͒.
Using the measured responsivity, dark current and the gain g, we estimate the detectivity D* ͑at 27.5 m͒ of the p-Si HIWIP FIR detector, which is also shown in Fig. 3 . The highest D* occurs at low biases, since the dark current increases rapidly with the bias. However, D* also increases slight with the bias due to the rapid increase of responsivity, and finally decreases again due to the onset of hopping conduction. The highest specific detectivity D* is 6.6 ϫ10 10 cm ͱHz/W at 4.2 K under a bias of 10 mV. 
